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Motivation - the dark universe

• Our universe is mostly 
dark!  Substantial evidence 
for dark matter (galactic 
rotation, gravitational 
lensing, large-scale 
structure.) 

• No obvious connection 
between DM and ordinary 
matter (SM) except 
gravity…so why is there 
roughly the same amount 
of each?

(today)
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When expressed in units of the critical density required for a flat cos-
mic geometry, the mean density of dark matter is usually denoted by 
Ωdm. Although a variety of dynamical tests have been used to constrain 
Ωdm, in general such tests give ambiguous results because velocities are 
induced by the unseen dark matter and the relation of its distribution 
to that of the visible tracers of structure is uncertain. The notion of a 
substantial bias in the galaxy distribution relative to that of dark matter 
was introduced in the 1980s to account for the fact that different samples 
of galaxies or clusters are not directly tracing the underlying matter 
distribution15–17. Defined simply as the ratio of the clustering strengths, 
the ‘bias function’ was also invoked to reconcile low dynamical estimates 
for the mass-to-light ratio of clusters with the high global value required 
in the theoretically preferred flat, Ωdm = 1 universe. But because massive 
clusters must contain approximately the universal mix of dark matter 
and baryons (ordinary matter), this uncertainty is neatly bypassed by 
comparing the measured baryon fraction in clusters with the universal 
fraction under the assumption that the mean baryon density, Ωb, is the 
value inferred from Big Bang nucleosynthesis18. Applied to the Coma 
cluster, this simple argument gave Ωdm ≤ 0.3 where the inequality arises 
because some or all of the dark matter could be baryonic18. This was 
the first determination of Ωdm < 1 that could not be explained away by 
invoking bias. Subsequent measurements have confirmed the result19 
which also agrees with recent independent estimates based, for example, 
on the relatively slow evolution of the abundance of galaxy clusters20,21 or 
on the detailed structure of fluctuations in the microwave background 
radiation22.

The mean baryon density implied by matching Big Bang nucle-
osynthesis to the observed abundances of the light elements is 
only Ωbh2 ≈ 0.02, where h denotes the Hubble constant in units of 
100 km s–1 Mpc–1. Dynamical estimates, although subject to bias uncer-
tainties, have long suggested that Ωm = Ωdm + Ωb ≈ 0.3, implying that the 
dark matter cannot be baryonic. Plausibly it is made up of the hypotheti-
cal elementary particles postulated in the 1980s, for example axions or 
the lowest mass supersymmetric partner of the known particles. Such 

low estimates of the mean matter density Ωm are incompatible with the 
flat geometry predicted by inflation unless the Universe contains an 
additional unclustered and dominant contribution to its energy density, 
for example a cosmological constant Λ such that Ωm + ΩΛ ≈ 1. Two large-
scale structure surveys carried out in the late 1980s, the APM (automated 
photographic measuring) photographic survey23 and the QDOT redshift 
survey of infrared galaxies24, showed that the power spectrum of the 
galaxy distribution, if it traces that of the mass on large scales, can be 
fitted by a simple CDM model only if the matter density is low, Ωm ≈ 0.3. 
This independent confirmation of the dynamical arguments led many 
to adopt the now standard model of cosmology, ΛCDM.

It was therefore with a mixture of amazement and déjà vu that cos-
mologists greeted the discovery in 1998 of an accelerated cosmic expan-
sion25,26. Two independent teams used distant type Ia supernovae to 
perform a classical observational test. These ‘standard candles’ can be 
observed out to redshifts beyond 1. Those at z ≥ 0.5 are fainter than 
expected, apparently indicating that the cosmic expansion is currently 
speeding up. Within the standard Friedmann cosmology, there is only 
one agent that can produce an accelerating expansion: the cosmological 
constant first introduced by Einstein, or its possibly time- or space-
dependent generalization, ‘dark energy’. The supernova evidence is 
consistent with ΩΛ ≈ 0.7, just the value required for the flat universe 
predicted by inflation.

The other key prediction of inflation, a density fluctuation field con-
sistent with amplified quantum noise, received empirical support from 
the discovery by the COsmic Background Explorer (COBE) satellite in 
1992 of small fluctuations in the temperature of the cosmic microwave 
background (CMB) radiation27. These reflect primordial density fluc-
tuations, modified by damping processes in the early Universe which 
depend on the matter and radiation content of the Universe. More recent 
measurements of the CMB28–32 culminating with those by the WMAP 
(Wilkinson Microwave Anisotropy Probe) satellite22 have provided a 
striking confirmation of the inflationary CDM model: the measured 
temperature fluctuation spectrum is nearly scale-invariant on large 

Figure 1 | The galaxy distribution obtained from 
spectroscopic redshift surveys and from mock 
catalogues constructed from cosmological 
simulations. The small slice at the top shows the 
CfA2 ‘Great Wall’3, with the Coma cluster at the 
centre. Drawn to the same scale is a small section 
of the SDSS, in which an even larger ‘Sloan 
Great Wall’ has been identified100. This is one of 
the largest observed structures in the Universe, 
containing over 10,000 galaxies and stretching 
over more than 1.37 billion light years. The cone 
on the left shows one-half of the 2dFGRS, which 
determined distances to more than 220,000 
galaxies in the southern sky out to a depth of 
2 billion light years. The SDSS has a similar 
depth but a larger solid angle and currently 
includes over 650,000 observed redshifts in the 
northern sky. At the bottom and on the right, 
mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation 
and evolution of galaxies within the evolving 
dark matter distribution of the ‘Millennium’ 
simulation5 are shown, selected with matching 
survey geometries and magnitude limits.
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Dark matter relic density

• Dark matter could arise from a 
primordial asymmetry: 

!

• Once again, coupling to SM in early 
universe essential.  (Strong self-coupling 
to wash out thermal relic helps too!)
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Figure 1: left: ⇢DM/⇢B versus the DM mass to DM-number violation decoupling temperature

ratio, mX/TD. This plot is designed to illustrate how Boltzmann statistics with mX/TD > 1

can suppress the DM energy density, giving rise to the observed ⇢DM/⇢B even for heavy DM

mass. For decoupling of DM number violation at 200 GeV, the DM must be at least 2 TeV. From

[29]. right: In the absence of a large DM density suppression from a large DM to decoupling

temperature ratio, cancellations in the sphaleron conserved quantities B � L and B � 3D can be

used to achieve the correct density. The dashed, solid and dot-dashed (red, blue, green) lines

correspond to ⌦DM/⌦B = (1, 5, 25), with mX/TD = 0.25 and DM mass mX = 200 GeV. From [30].

with x = M⇤/TD and M⇤ the DM mass at the temperature TD where the electroweak

sphalerons become inactive. In this case, the ratio of DM to baryon densities is ⌦DM/⌦b =

f(x)mXD/mpB. For the case where B and D are equal, mX/TD is shown in Fig. 1 with

M⇤ = mX . Since TD is typically on the order of 200 GeV, this implies that the DM mass must

be about 2 TeV, and hence its mass cannot be generated by the Higgs vacuum expectation

value alone. Either the DM mass is generated primarily through some additional mechanism

(such as the confinement of a technicolor gauge group), or one makes use of a cancellation

between B, L and D that lowers the DM number density.

To determine how a cancellation can occur in some cases, a standard calculation (which

is reviewed in the appendix) [31] is carried out on chemical potentials. Interactions give

relations between the chemical potentials and U(1)em enforces electric neutrality. For exam-

(K. Zurek, arXiv:1308.0338)

http://ned.ipac.caltech.edu/level5/Kolb/Kolb5_1.html • Dark matter could be a thermal relic 
(WIMP miracle): 

!

• Requires interaction w/SM heat bath!

h�viann ⇠ 1 pb ⇠ ↵2

(100 GeV)2

n` � n¯̀⇠ nb � nb̄ ⇠ nD � nD̄

http://ned.ipac.caltech.edu/level5/Kolb/Kolb5_1.html


Putting the “dark” in dark matter

• Most obvious scenarios 
ruled out long ago (e.g. 
the WIMP can’t actually 
exchange Z bosons at 
tree level - 10-38 xsec.) 

• Asymmetric scenarios 
tend to favor light DM, 
where sensitivity is 
lower, but still 
constrained.  Important 
to look everywhere we 
can, though!

Onwards and downwards

(from talk by B. Edwards, LME 2013 workshop)



Self-interacting dark matter

• Cold, collisionless DM paradigm is great at large-scale structure, but 
has problems explaining behavior of dwarf galaxies (DM-dominated) 

• “Core vs. cusp”: observed velocity distribution of dwarf galaxies 
points to less DM abundance in center of galaxy than expected from 
simulation (cored profile) 

• “Missing satellites”: Not enough dwarf galaxy satellites seen around 
the Milky Way (and the missing ones are the most massive 
expected!) 

• Strongly self-interacting DM can resolve these problems without 
affecting large-scale structure!  Need cross section around 0.5 cm2/
g (a barn for GeV dark matter!!)



Why nothing here?
Expect 5-40 

subhalos with 
Vmax >25 km/s

(from 44 simulations)

 J. Bullock, UC Irvine

Summary of the Too Big To Fail problem:

Garrison-Kimmel et al. in prep

Boylan-Kolchin, JSB, Kaplinghat 2012



Composite dark matter

• Many solutions, but one well-motivated option is 
composite dark matter - specifically, DM as a strongly-
bound state of some more fundamental objects 

!

• Fundamental particles can carry tree-level SM charges, be 
active in early universe, then confined today 

• Inspiration from neutron of QCD (“rescaling” QCD and 
messing with some of the parameters gives a stable, 
neutral baryon.)



How ad-hoc is this, anyway?

• Composite Higgs theories 
usually give rise to dark matter 
that looks like this (analogue of 
baryon number) 

• Also, decoupled dark gauge 
sectors can appear as hidden 
sectors arising from GUT or 
string-inspired models. 

• This isn’t the weirdest DM 
candidate model out there…

http://www.particleadventure.org/grand.html

http://www.particleadventure.org/grand.html


(borrowed from T. Tait)



Bosonic dark matter

• Why study composite bosonic dark matter, in 
particular? 

• “Because it’s there” - plenty of strongly-coupled 
theories where baryon-like states contain even 
number of fermions.  In this talk: SU(4) gauge 
theory. 

• Different phenomenology - operators in 
effective theory for e.g. direct detection are 
somewhat different (I’ll come back to this in 
detail.) 

• Other astrophysical consequences…?



Dark matter and the fate of neutron stars

• Oldest neutron stars seen ~10 
Gyrs.  Constraint on bosonic DM, 
which can accumulate and cause 
collapse to black hole (especially if 
BEC forms!) 

• Self-interaction/annihilation reduce 
DM density and weaken bounds 

• For a strongly-coupled dark sector 
both the QCD and DM interiors of 
the neutron star could be in exotic 
states…

V. CONCLUSIONS

We considered a relatively generic DM model in which the DM particle was a complex

scalar that coupled to regular matter via some heavy vector boson, with the regular matter

vector and axial-vector couplings to the heavy mediator taken to be those to the Z bo-

son. We then calculated DM thermalization times inside a neutron star for DM scattering

with electrons, neutrons in the normal phase, neutrons in the superfluid phase, and color

superconducting quarks.

We found several important results:

• Including kinematics in the thermalization time calculation resulted in DM thermal-

ization times that were qualitatively di↵erent from past results.

• Previously neglected DM-electron scattering in ordinary neutron star cores is actually

quite important. It is a more e�cent DM thermalization mechanism than DM-neutron

scattering when the neutrons are in a non-superfluid state (for a fixed G̃) and it is the

only relevant DM thermalization mechanism when the neutrons form a superfluid and

the protons form a superconductor.

• Exotic neutron star cores with color superconducting quark matter and no electrons

give rise to very large thermalization times which protects neutron stars from their

possible destruction as a result of DM accretion. Hence the discovery of asymmetric,

bosonic DM could motivate the existence of exotic neutron star cores.
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Appendix A: Non-thermal Dark Matter

Light DM candidates such as mixed sneutrinos can be produced non-thermally via the

A✏eck-Dine mechanism. The A✏eck-Dine mechanism was originally associated with baryo-

gensis [57] but it can be applied to any scalar field that can have a large vev and whose

21

(Bertoni, Nelson, Reddy, 1309.1721)
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Figure 1: Neutron star collapse bounds for annihilating, self-interacting bosonic dark mat-
ter that forms a Bose-Einstein condensate at globular cluster density ⇢X ⇠ 103 GeV/cm3.
From left to right the red, green, blue, and purple contours denote regions for which the self
interaction parameter � = {0, 10�30, 10�25, 10�15}, respectively. Solid, dotted, dashed, and
dot-dashed contours denote annihilation cross sections h�avi = {0, 10�50, 10�45, 10�42}cm3/s,
respectively.

averaged at the temperature of the neutron star), because the neutron star can never capture
enough dark matter for black hole collapse to occur.

As previously noted, if the self-interaction term is increased (contours farther right in
Figure 1), the bound on high mass dark matter improves. As the Chandrasekhar bound
increases with the self-interaction coupling, there is less Hawking radiation at the formation
of higher mass black holes, and the black hole growth condition (eq. (23)) is met for higher
masses and lower scattering cross sections.

Figure 1 also shows the excluded region (eq. (29)) within which dark matter captured by

10

(Bramante, Fukushima, Kumar, 1301.0036)



Four-color DM: the basic idea

• SU(4) with some fundamental-representation fermions.  Similar 
enough to QCD that our intuition should help.  Simplest such theory 
with bosonic DM candidate (also SU(2), but enhanced chiral 
symmetry makes it weird - see my BNL talk from April) 

• 4 is large enough that we can use large-Nc for some predictions, at 
least to start.  It’s also small enough that we can do lattice simulations 
practically. 

• We consider the model in isolation from EW symmetry breaking, for 
maximum generality.  but insights here could be incorporated into a 
composite Higgs model. 

• Model work in progress, mainly with Graham Kribs and Mike Buchoff.



Fermion content and charge assignments

• Motivation: minimal set of fermions to 
allow coupling to SM electroweak, 
including Higgs boson.  Need SU(2)L 
doublet + singlets. 

• Choose to impose SU(2)R global as 
well; embed hypercharge as shown.  
Leaves custodial SU(2) to suppress 
contributions to precision EW, etc. 

• Most general mass matrix allows 
both vector-like and Yukawa mass 
terms. 

• Set Yukawas equal and stack into 
Dirac spinors:

Field SU(4)D (SU(2)L, SU(2)R)
F1 4 (2,1)
F2 4̄ (2̄,1)
F3 4 (1,2)
F4 4̄ (1, 2̄)

Y = T3,L + T3,R
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INTRODUCTION

(dark matter blah blah blah)
The relic abundance of dark matter strongly motivates

some coupling of the dark sector to the Standard Model
(SM). In the thermal relic scenario, the dark matter is in
equilibrium with the SM thermal bath of the early universe,
falling out

(motivation for not-dark DM: relic density, thermal or
not. coupling to SM motivated.)

(Higgs exchange: interesting region for current and near-
future direct detection sensitivity.)

(for fermions, Higgs portal is tied to mass. but if we add
a vector-like mass, mixing allows larger masses without
extremely large (even non-perturbative) Higgs coupling!)

(even though these are DM and thus neutral states, this
is like chargino mixing in SUSY, cite e.g. Steve Martin’s
stuff.)

(key point: this only works for composite DM! if I try
to give a fundamental fermion a mass from Higgs, it has to
be an SU(2) doublet, and the W and Z couplings rule it out
already.)

(note: we’re not going to worry about details like relic
density, indirect detection, collider constraints here.)

MODEL SETUP

As a minimal construction of a dark matter model with
the desired characteristics, we consider a new, strongly-
coupled SU(N)D gauge group with two Dirac fermions
charged as an SU(2)L doublet, and two charged as a
doublet under a global SU(2)R symmetry. We embed

the hypercharge gauge group as the diagonal generator of
SU(2)R, i.e.

Y ⌘ T3,R. (1)

The Higgs field transforms as a bi-doublet under SU(2)L⇥
SU(2)R, and its vev breaks the symmetry to the diagonal
custodial subgroup SU(2)C . The electric charge eigenval-
ues are Q = T3,L + T3,R = ± 1

2
. The model particle

content and charges are summarized in table I.
The vector-like charge assignment of the fermions with

respect to SU(2)L ensures that the spontaneous breaking of
chiral symmetry in the strong sector does not contribute to
electroweak symmetry breaking. Two types of mass terms
are allowed by the symmetries: a “vector” mass term,

L � m12F1F2 +m34F3F4 + h.c., (2)

and chiral mass terms arising from coupling to the Higgs
field,

L � y14F1HF4 + y23F2H
†F3 + h.c. (3)

For the remainder of this paper we will take m34 > m12,
and set y14 = y23 = y for simplicity. Setting the Yukawa
couplings equal allows us to immediately rewrite our La-
grangian in four-component notation by defining

 L ⌘
✓
F1

F †
2

◆
, R ⌘

✓
F3

F †
4

◆
. (4)

In matrix notation, we thus have for the mass terms

L � ( ̄L ̄R)

✓
m12 yv
yv m34

◆✓
 L

 R

◆
. (5)

INT-PUB-????????,FERMILAB-PUB-????????, LLNL-JRNL-??????, NT-LBL-???????, UCB-NPAT-???????

Composite dark matter through the Higgs portal with vector-like mass terms

T. Appelquist,1 R. C. Brower,2 M. I. Buchoff,3 M. Cheng,4 S. D. Cohen,3 G. T. Fleming,1 J. Kiskis,5

M. F. Lin,6 E. T. Neil,7, 8 J. C. Osborn,9 C. Rebbi,2 D. Schaich,10 C. Schroeder,11 S. Syritsyn,12

G. Voronov,1 P. Vranas,11 (Lattice Strong Dynamics (LSD) Collaboration), and G. D. Kribs13, 14

1Department of Physics, Sloane Laboratory, Yale University, New Haven, Connecticut 06520, USA
2Department of Physics, Boston University, Boston, Massachusetts 02215, USA

3Institute for Nuclear Theory, Box 351550, Seattle, WA 98195-1550, USA
4Center for Computational Science, Boston University, Boston, Massachusetts 02215, USA

5Department of Physics, University of California, Davis, California 95616, USA
6Computational Science Center, Brookhaven National Laboratory, Upton, NY 11973, USA.

7Department of Physics, University of Colorado, Boulder, CO 80309, USA
8RIKEN-BNL Research Center, Brookhaven National Laboratory,Upton, NY 11973, USA

9Argonne Leadership Computing Facility, Argonne, Illinois 60439, USA
10Department of Physics, Syracuse University, Syracuse, NY 13244, USA

11Lawrence Livermore National Laboratory, Livermore, California 94550, USA
12Physics Department, Brookhaven National Laboratory,Upton, NY 11973, USA

13School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540, USA
14Department of Physics, University of Oregon, Eugene, OR, 97403 USA

We...

PACS numbers: 11.10.Hi, 11.15.Ha, 95.35.+d

INTRODUCTION

(dark matter blah blah blah)
The relic abundance of dark matter strongly motivates

some coupling of the dark sector to the Standard Model
(SM). In the thermal relic scenario, the dark matter is in
equilibrium with the SM thermal bath of the early universe,
falling out

(motivation for not-dark DM: relic density, thermal or
not. coupling to SM motivated.)

(Higgs exchange: interesting region for current and near-
future direct detection sensitivity.)

(for fermions, Higgs portal is tied to mass. but if we add
a vector-like mass, mixing allows larger masses without
extremely large (even non-perturbative) Higgs coupling!)

(even though these are DM and thus neutral states, this
is like chargino mixing in SUSY, cite e.g. Steve Martin’s
stuff.)

(key point: this only works for composite DM! if I try
to give a fundamental fermion a mass from Higgs, it has to
be an SU(2) doublet, and the W and Z couplings rule it out
already.)

(note: we’re not going to worry about details like relic
density, indirect detection, collider constraints here.)

MODEL SETUP

As a minimal construction of a dark matter model with
the desired characteristics, we consider a new, strongly-
coupled SU(N)D gauge group with two Dirac fermions
charged as an SU(2)L doublet, and two charged as a
doublet under a global SU(2)R symmetry. We embed

the hypercharge gauge group as the diagonal generator of
SU(2)R, i.e.

Y ⌘ T3,R. (1)

The Higgs field transforms as a bi-doublet under SU(2)L⇥
SU(2)R, and its vev breaks the symmetry to the diagonal
custodial subgroup SU(2)C . The electric charge eigenval-
ues are Q = T3,L + T3,R = ± 1

2
. The model particle

content and charges are summarized in table I.
The vector-like charge assignment of the fermions with

respect to SU(2)L ensures that the spontaneous breaking of
chiral symmetry in the strong sector does not contribute to
electroweak symmetry breaking. Two types of mass terms
are allowed by the symmetries: a “vector” mass term,

L � m12F1F2 +m34F3F4 + h.c., (2)

and chiral mass terms arising from coupling to the Higgs
field,

L � y14F1HF4 + y23F2H
†F3 + h.c. (3)

For the remainder of this paper we will take m34 > m12,
and set y14 = y23 = y for simplicity. Setting the Yukawa
couplings equal allows us to immediately rewrite our La-
grangian in four-component notation by defining

 L ⌘
✓
F1

F †
2

◆
, R ⌘

✓
F3

F †
4

◆
. (4)

In matrix notation, we thus have for the mass terms

L � ( ̄L ̄R)

✓
m12 yv
yv m34

◆✓
 L

 R

◆
. (5)

INT-PUB-????????,FERMILAB-PUB-????????, LLNL-JRNL-??????, NT-LBL-???????, UCB-NPAT-???????

Composite dark matter through the Higgs portal with vector-like mass terms

T. Appelquist,1 R. C. Brower,2 M. I. Buchoff,3 M. Cheng,4 S. D. Cohen,3 G. T. Fleming,1 J. Kiskis,5

M. F. Lin,6 E. T. Neil,7, 8 J. C. Osborn,9 C. Rebbi,2 D. Schaich,10 C. Schroeder,11 S. Syritsyn,12

G. Voronov,1 P. Vranas,11 (Lattice Strong Dynamics (LSD) Collaboration), and G. D. Kribs13, 14

1Department of Physics, Sloane Laboratory, Yale University, New Haven, Connecticut 06520, USA
2Department of Physics, Boston University, Boston, Massachusetts 02215, USA

3Institute for Nuclear Theory, Box 351550, Seattle, WA 98195-1550, USA
4Center for Computational Science, Boston University, Boston, Massachusetts 02215, USA

5Department of Physics, University of California, Davis, California 95616, USA
6Computational Science Center, Brookhaven National Laboratory, Upton, NY 11973, USA.

7Department of Physics, University of Colorado, Boulder, CO 80309, USA
8RIKEN-BNL Research Center, Brookhaven National Laboratory,Upton, NY 11973, USA

9Argonne Leadership Computing Facility, Argonne, Illinois 60439, USA
10Department of Physics, Syracuse University, Syracuse, NY 13244, USA

11Lawrence Livermore National Laboratory, Livermore, California 94550, USA
12Physics Department, Brookhaven National Laboratory,Upton, NY 11973, USA

13School of Natural Sciences, Institute for Advanced Study, Princeton, NJ 08540, USA
14Department of Physics, University of Oregon, Eugene, OR, 97403 USA

We...

PACS numbers: 11.10.Hi, 11.15.Ha, 95.35.+d

INTRODUCTION

(dark matter blah blah blah)
The relic abundance of dark matter strongly motivates

some coupling of the dark sector to the Standard Model
(SM). In the thermal relic scenario, the dark matter is in
equilibrium with the SM thermal bath of the early universe,
falling out

(motivation for not-dark DM: relic density, thermal or
not. coupling to SM motivated.)

(Higgs exchange: interesting region for current and near-
future direct detection sensitivity.)

(for fermions, Higgs portal is tied to mass. but if we add
a vector-like mass, mixing allows larger masses without
extremely large (even non-perturbative) Higgs coupling!)

(even though these are DM and thus neutral states, this
is like chargino mixing in SUSY, cite e.g. Steve Martin’s
stuff.)

(key point: this only works for composite DM! if I try
to give a fundamental fermion a mass from Higgs, it has to
be an SU(2) doublet, and the W and Z couplings rule it out
already.)

(note: we’re not going to worry about details like relic
density, indirect detection, collider constraints here.)

MODEL SETUP

As a minimal construction of a dark matter model with
the desired characteristics, we consider a new, strongly-
coupled SU(N)D gauge group with two Dirac fermions
charged as an SU(2)L doublet, and two charged as a
doublet under a global SU(2)R symmetry. We embed

the hypercharge gauge group as the diagonal generator of
SU(2)R, i.e.

Y ⌘ T3,R. (1)

The Higgs field transforms as a bi-doublet under SU(2)L⇥
SU(2)R, and its vev breaks the symmetry to the diagonal
custodial subgroup SU(2)C . The electric charge eigenval-
ues are Q = T3,L + T3,R = ± 1

2
. The model particle

content and charges are summarized in table I.
The vector-like charge assignment of the fermions with

respect to SU(2)L ensures that the spontaneous breaking of
chiral symmetry in the strong sector does not contribute to
electroweak symmetry breaking. Two types of mass terms
are allowed by the symmetries: a “vector” mass term,

L � m12F1F2 +m34F3F4 + h.c., (2)

and chiral mass terms arising from coupling to the Higgs
field,

L � y14F1HF4 + y23F2H
†F3 + h.c. (3)

For the remainder of this paper we will take m34 > m12,
and set y14 = y23 = y for simplicity. Setting the Yukawa
couplings equal allows us to immediately rewrite our La-
grangian in four-component notation by defining

 L ⌘
✓
F1

F †
2

◆
, R ⌘

✓
F3

F †
4

◆
. (4)

In matrix notation, we thus have for the mass terms

L � ( ̄L ̄R)

✓
m12 yv
yv m34

◆✓
 L

 R

◆
. (5)



Fermion mass matrix

• Can be done with one real mixing angle:
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INTRODUCTION

(dark matter blah blah blah)
The relic abundance of dark matter strongly motivates

some coupling of the dark sector to the Standard Model
(SM). In the thermal relic scenario, the dark matter is in
equilibrium with the SM thermal bath of the early universe,
falling out

(motivation for not-dark DM: relic density, thermal or
not. coupling to SM motivated.)

(Higgs exchange: interesting region for current and near-
future direct detection sensitivity.)

(for fermions, Higgs portal is tied to mass. but if we add
a vector-like mass, mixing allows larger masses without
extremely large (even non-perturbative) Higgs coupling!)

(even though these are DM and thus neutral states, this
is like chargino mixing in SUSY, cite e.g. Steve Martin’s
stuff.)

(key point: this only works for composite DM! if I try
to give a fundamental fermion a mass from Higgs, it has to
be an SU(2) doublet, and the W and Z couplings rule it out
already.)

(note: we’re not going to worry about details like relic
density, indirect detection, collider constraints here.)

MODEL SETUP

As a minimal construction of a dark matter model with
the desired characteristics, we consider a new, strongly-
coupled SU(N)D gauge group with two Dirac fermions
charged as an SU(2)L doublet, and two charged as a
doublet under a global SU(2)R symmetry. We embed

the hypercharge gauge group as the diagonal generator of
SU(2)R, i.e.

Y ⌘ T3,R. (1)

The Higgs field transforms as a bi-doublet under SU(2)L⇥
SU(2)R, and its vev breaks the symmetry to the diagonal
custodial subgroup SU(2)C . The electric charge eigenval-
ues are Q = T3,L + T3,R = ± 1

2
. The model particle

content and charges are summarized in table I.
The vector-like charge assignment of the fermions with

respect to SU(2)L ensures that the spontaneous breaking of
chiral symmetry in the strong sector does not contribute to
electroweak symmetry breaking. Two types of mass terms
are allowed by the symmetries: a “vector” mass term,

L � m12F1F2 +m34F3F4 + h.c., (2)

and chiral mass terms arising from coupling to the Higgs
field,

L � y14F1HF4 + y23F2H
†F3 + h.c. (3)

For the remainder of this paper we will take m34 > m12,
and set y14 = y23 = y for simplicity. Setting the Yukawa
couplings equal allows us to immediately rewrite our La-
grangian in four-component notation by defining

 L ⌘
✓
F1

F †
2

◆
, R ⌘

✓
F3

F †
4

◆
. (4)

In matrix notation, we thus have for the mass terms

L � ( ̄L ̄R)

✓
m12 yv
yv m34

◆✓
 L

 R

◆
. (5)

• Mass matrix to be diagonalized:

2

This mass matrix can be diagonalized by a single mixing
angle, i.e. Mdiag = R(✓)�1MR(✓). The rotation angle is
given by the formula

sin2 ✓ =
1

2

✓
1� �p

4y2v2 +�2

◆
, (6)

where � ⌘ m34�m12, and the resulting mass eigenvalues
are

M± =
1

2

⇣
m12 +m34 ±

p
4y2v2 +�2

⌘
, (7)

corresponding to the rotated spinors  ±. We consider here
only the case that yv ⌧ m12,m34, so that the vector
masses will orient the chiral condensate of the SU(N)D
strong force in the electroweak-preserving direction.

In the limit that 4yv ⌧ �, we can perform a series
expansion, finding:

sin2 ✓ =
(yv)2

�2
+O((yv/�)4), (8)

and for the masses

M± =
1

2
(m12+m34±�

✓
1 +

(yv)2

�2
+O((yv/�)4)

◆
.

(9)
Note that the mixing angle depends only on the vector-like
mass splitting �, and not on the total mass m12 +m34.

COUPLING TO THE HIGGS BOSON

In terms of the gauge-eigenstate fields, the interactions
of the Higgs boson with the dark-sector fermions are, in
matrix notation,

L � ( ̄L ̄R)

✓
0 yh
yh 0

◆✓
 L

 R

◆
. (10)

This matrix is not simultaneously diagonalizable with the
mass matrix, eq. (5), except for the case m12 = m34. This
means that the Higgs will in general have off-diagonal,
“flavor-changing” interactions with the mass eigenstate
fields  ±. Explicitly, we find in terms of the mixing an-
gle

L � ( ̄+ ̄�)R
�1(✓)

✓
0 yh
yh 0

◆
R(✓)

✓
 +

 �

◆
... (11)

Once more expanding in (yv)/�, at leading order we find
(...)

L � h


2y2v

�
(F̄aFa � F̄bFb) + 2yF̄aFb

� 2y3v2

�2
F̄bFa + h.c.

�
(12)

(double Higgs exchange via the unsuppressed FCNC...?
no! need the F̄aFb and F̄bFa vertices both in order to con-
nect the two-component propagators. Overall y4v2/�2,
same order as )

(to the composite state, at the end!)
Field SU(N)D (SU(2)L, SU(2)R)
F1 N (2,1)

F2 N̄ (2̄,1)

F3 N (1,2)

F4 N̄ (1, 2̄)

TABLE I. Fermion particle content of the example compos-
ite DM model. All fields are two-component (Weyl) spinors.
SU(2)L refers to the standard model electroweak gauge group,
whereas SU(2)R is a global symmetry, in which we identify
Y = T3,R.

DIRECT DETECTION BY HIGGS EXCHANGE
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(� ⌘ m34 �m12)

• Vacuum alignment is a concern (we don’t want to break EW 
symmetry appreciably at a higher scale!)  Work in progress, but for 
now focus on EW-preserving limit,

yv ⌧ m12,m34
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Lattice simulation details

• Simplest approach to start: unimproved Wilson fermions, plaquette action 

• All results so far are quenched (no fermion loops.)  Studying heavy fermions 
and larger Nc, so should result in smaller errors than quenching QCD. 

• Implemented using the Chroma code base - 2c/4c merged back into 
public repositoryCode Tests: Plaqutte
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Fig. 9. The string tension ,f(I, J) for the U(1) component of pure U(4) gauge theory on a 6 4 lattice as 
a function of the inverse temperature//. The full upward triangles represent (/, J) = (1, 1), the full circles 
represent (2, 2), the crosses represent (3, 2) and the open circles represent (3, 3). Also shown in the 

diagram is the leading-order high-temperature expansion of eq. (6). 
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Set of ensembles

• Quenching allows huge volumes! 

• 3-color lattices matched for comparison (string 
tension) 

• All measurements with two valence fermions (we 
assume splitting between vector-like masses.)

7

↵ . 0.70. Using Eq. (21) to translate this ↵ to a relation
between vector-like mass differences and chiral masses for
the limit that is linear in the Yukawa coupling

yv
¯M

. 0.70 when ¯M � 2yv � �M, (24)

and for the limit that is quadratic in the Yukawa

2(yv)

2

¯M�M
. 0.70 when ¯M � �M � 2yv. (25)

Thus, the overall value of the vector-like mass, ¯M , and the
vector-like mass splittings, �M , must obey the following
relations with the Yukawa coupling for these limit in order
not to be excluded over its applicable mass range by the
latest LUX bounds.

SIMULATION DETAILS

The 4-color calculations were performed on quenched
lattices (10,000 trajectories each; configurations separated
every 50 trajectories) at three different lattice spacing (� =

11.028, 11.5, 12.0) at four different volumes (16

3 ⇥ 32,
32

3 ⇥ 64, 48

3 ⇥ 96, 64

3 ⇥ 128). The 3-color calcula-
tions were performed on � = 6.0175, 32

3 ⇥ 64 lattices
to compare three and four colors using the scale match-
ing in Ref. [27]. All gauge generation and inversions were
performed using Chroma [52]. For 4-colors, three fermion
mass values were explored for � = 11.028, four mass val-
ues for � = 11.028, and six mass values were explored for
� = 12.0. All the data and number of measurements are
presented in Table I.

CALCULATION AND FITTING

The masses of the baryons are extracted from the long
Euclidean time behavior of of the baryon two point func-
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FIG. 5. Example of folded 4-color baryon effective mass for
323 ⇥ 64, � = 11.028,  = 0.15625 lattices.

Nc �  N3
s ⇥Nt # Meas.

4 11.028 0.1554 163 ⇥ 32 4878
323 ⇥ 64 1126

0.15625 163 ⇥ 32 4765
323 ⇥ 64 1146
483 ⇥ 96 1091

0.1572 323 ⇥ 64 1075
11.5 0.1515 163 ⇥ 32 2975

323 ⇥ 64 1057
0.1520 163 ⇥ 32 2872

323 ⇥ 64 1052
0.1523 163 ⇥ 32 2976

323 ⇥ 64 914
483 ⇥ 96 637
643 ⇥ 128 489

0.1524 163 ⇥ 32 2970
323 ⇥ 64 863

0.1527 323 ⇥ 64 1011
12.0 0.1475 323 ⇥ 64 1125

0.1480 323 ⇥ 64 1189
0.1486 323 ⇥ 64 1055
0.1491 163 ⇥ 32 411
0.1491 323 ⇥ 64 1050
0.1491 483 ⇥ 96 1150
0.1491 643 ⇥ 128 928
0.1495 323 ⇥ 64 1043
0.1496 323 ⇥ 64 1009

3 6.0175 0.1537 323 ⇥ 64 1000
0.1547 323 ⇥ 64 1000

TABLE I. Ensemble and number of measurements.

 amPS amV aMS0 aMS1 aMS2

0.1554 0.3477(6) 0.4549(18) 0.9828(33) 1.0119(39) 1.0668(45)
0.15625 0.2886(7) 0.4170(20) 0.8831(55) 0.9183(55) 0.9883(79)
0.1572 0.2066(8) 0.3783(26) 0.7687(92) 0.8129(74) 0.898(19)

TABLE II. Spectrum results for � = 11.028 on 323 ⇥ 64 lattices.

tion projected onto zero momentum

CBB(⌧) =

X

x

hOB(x, ⌧)

¯OB(0, 0)i

! Ae�MB⌧
+ Be�M 0

B⌧ , (26)

where M 0
B is the baryon mass of the first excited state with

the same quantum numbers as the ground state. In princi-
ple, one could remove this excited state by going to very
long Euclidean time. In practice, the long Euclidean time
limit is marred by the exponential degradation of baryon
signal to lattice noise (known as the Signal-to-Noise prob-
lem [53]). As a result, only a small region of the correlator
as a function of ⌧ can be used to extract the desired signal.
However, this region can be greatly improved if one were
to use a method to “subtract off” the first excited state’s
effects.

To remove the excited state effects, we calculate two sets
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the same quantum numbers as the ground state. In princi-
ple, one could remove this excited state by going to very
long Euclidean time. In practice, the long Euclidean time
limit is marred by the exponential degradation of baryon
signal to lattice noise (known as the Signal-to-Noise prob-
lem [53]). As a result, only a small region of the correlator
as a function of ⌧ can be used to extract the desired signal.
However, this region can be greatly improved if one were
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effects.

To remove the excited state effects, we calculate two sets
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the couples to the Higgs boson. In particular, we set up a
model with masses of both chiral and vector-like origin and
determine the relevant ratios required to allow a theory of
this kind to avoid exclusion due to direct Higgs exchange.
The 3-color and 4-color comparison results are shown in
Fig. 3. This figure shows that the two-parameter large Nc

rotor spectrum prediction in Eq. (15) is insufficient to de-
fine the 4-color baryon spectrum, but the three-parameter
version in Eq. (16) which appropriately accounts for N�1

c

corrections to the leading term does match the higher spin
4-color baryon masses well. It would be interesting to
probe Nc = 6 baryons to see if this relation continues with
all of its coefficients fixed by the current data set.

The results most directly relevant for dark matter impli-
cations of this model are shown in Fig. 4. The key message
to take away from this figure is that the current bounds
of LUX are putting significant restraints on dark fermion
masses of pure chiral origin. The full range of the allowed
spin-0 baryon mass (everything to the right of the verti-
cal line representing the lightest baryon that avoids LEPII
bounds on charged mesons) requires the ratio of the chiral
mass to the vector-like mass (or vector-like mass splitting)
to be below 0.70 when the pseudo-scalar to vector meson
mass ratio is 0.69. This essentially tells us that the vector-
like masses only need to be 50% larger than the chiral
masses to avoid the latest LUX exclusion bound. However,
improved constraints from LUX could reduce this value ap-
preciably.

In addition to the physics implications above, one ad-
ditional purpose of this work is to set the stage for the
more interesting calculation of the polarizabilities, which
can be used to make decisive, lower bounds for experi-
mental searches on asymmetric dark matter theories. As
a prerequisite to attacking this very computationally and
theoretically difficult problem, one must first understand
the lattice systematics at a high precision, all of which are
expected to be significantly worse for extracted polariz-
abilities [56, 57]. To that end, we performed an extensive
study of volume and lattice spacing effects on three lat-
tice spacings (� = 11.028, 11.5, 12.0) and four volumes
(L/a = 16, 32, 48, 64). In particular, we wanted to first
determine the minimum number of sites for volume effects
to be negligible. For the coarsest lattice spacing and inter-
mediate lattice spacing, L/a = 32 was found to be suffi-
cient, but for the finest lattice spacing even L/a = 48 was
found have too small of volume. With this in mind, any
polarizability calculation should not have volumes below
these quantities. The other systematic that had to be quan-
tified is the lattice spacing systematic. The results show as
large sub-5% lattice spacing effects in the coarsest lattice
spacings. For that reason, � = 11.028 and � = 11.5 will
likely prove to be the best ensembles for polarizabilties as
both lattice spacing and volume effects are effectively con-
trolled within errors.

It should also be emphasized that the polarizability cal-
culations can benefit from larger volume, as the quantized
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Ê
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êM S

0

FIG. 15. Spin-1 (blue) and spin-2 (black) to spin-0 baryon mass
ratio vs meson pseudoscalar to vector mass ratio. Lattice system-
atics appear to be small compared to the statistical errors.

background fields can be made finer and be better used
to extract the quadratic contribution of the energy propor-
tional to the polarizability. However, even more statistics
will be required at each background field value (including
zero field) to resolve these differences. Initial estimates
state than baryon uncertainty will need to be at least a fac-
tor of two smaller than the current values. For that reason,
at least factor of four increase of statistics will likely be
required for each ensemble to reliably perform that calcu-
lation. Also, the question of the validity of the quenched
approximation is still in question. We also plan to perform
at least one unquenched ensemble to estimate the size of
these effects as well.
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FIG. 10. Volume scaling of the spin-0 (brown), spin-1 (blue), and
spin-2 (black) baryon masses in lattice units for the fine lattice
spacing (� = 11.5) and middle quark mass (mPS/mV ⇠ 0.7) for
lattice sizes of 163⇥32, 323⇥64, 483⇥96, and 643⇥128 (bottom
figure zoomed in on the later three). Volume effects between 323

and 483 lattices are smaller than the statistical error, but with a
systematic drop within 3%.

umes, L/a = 16, 32, 48, 64. Comparing L/a = 16 to
L/a = 32, there is clearly enormous volume effects on the
order of 100%. For this reason, the L/a = 16 data at this
lattice spacing is essentially unusable. The more informa-
tive comparison is between L/a = 32 to L/a = 48, where
the volume effects are much more manageable, but still on
the order of 7% and larger than the statistical uncertainty.
For this reason, L/a = 32 cannot be considered nearly in-
finite volume and L/a = 48 or larger are required. To tell
if L/a = 48 is sufficiently close to infinite volume, a larger
L/a = 64 volume is required. While the volume effects
between L/a = 48 and L/a = 64 are smaller, there is still
a clear systematic decrease due to finite volume of roughly
4%. In other words, through L/a = 64, all quantifiable
volume effects are non-negligible.

Also, it is useful to examine the data on an Edinburg-
style plot in Fig. 12, where quantities of different lattice
spacings can be compared directly. This plot displays the
mass ratio MSO/mV vs. mPS/mV for the coarse (� =

11.028), intermediate (� = 11.028) and fine (� = 12.0)
lattice spacing for 32

3 ⇥ 64 lattices. In the absence of lat-
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FIG. 11. Volume scaling of the spin-0 (brown), spin-1 (blue), and
spin-2 (black) baryon masses in lattice units for the fine lattice
spacing (� = 12.0) and middle quark mass (mPS/mV ⇠ 0.7) for
lattice sizes of 163⇥32, 323⇥64, 483⇥96, and 643⇥128 (bottom
figure zoomed in on the later three). Volume effects between 323

and 483 lattices are roughly 7% of spin-0 baryon mass and larger
than 3% from 483 to 643.

tice volume effects, one would expect these ratios to de-
crease as the fermion mass decreases. This behavior is
clear in the coarse lattice results and the heavier four points
on the intermediate lattice spacing. However, for the fine
lattice spacing, the ratio MSO/mV is roughly independent
of fermion mass. This is often an indication that volume
effects are significant. This figure, once again, supports the
hypothesis that 32

3 lattices are large enough volumes for
the coarse and intermediate lattice spacing, but not large
enough for the fine lattice spacing.

Lattice spacing systematic

Before discussing lattice spacing effects, one must first
determine some physics that remains constant between two
different lattice spacing, often referred to as a line of con-
stant physics (LCP) with minimal volume effects, and then
proceed to compare other quantities directly. The quan-
tity that we choose as our LCP is the meson mass ratio
mPS/mV . In most dark matter models of interest, he vec-
tor and psuedoscalar mesons are not of direct interest, mak-

Finite-volume effects

Cutoff effects

LSD preliminary
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Spectrum

• Spectrum scaling 
with input mass 
shown right. 

• Study of splitting 
masses in the 
immediate future…
is there a corner of 
the space where the 
spin-1 baryon is 
lightest?

6

 amPS amV aMS0 aMS1 aMS2

0.1475 0.280(1) 0.310(3) 0.660(6) 0.672(5) 0.692(6)
0.1480 0.247(2) 0.288(3) 0.607(7) 0.623(7) 0.648(7)
0.1486 0.204(2) 0.248(6) 0.538(7) 0.543(8) 0.569(11)
0.1491 0.159(4) 0.223(5) 0.481(10) 0.498(10) 0.528(11)
0.1495 0.114(5) 0.195(9) 0.421(15) 0.443(12) 0.495(12)
0.1496 0.109(5) 0.192(9) 0.413(18) 0.434(12) 0.495(12)

TABLE IV. Spectrum results for � = 12.0 on 323 ⇥ 64 lattices.
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FIG. 5. Lattice spectrum results for the coarse lattice spacing
(� = 11.5) on 323⇥64 lattices for three input quark masses. (top)
Masses in lattice units of the pseudoscalar meson (red), vector
meson (orange), spin-0 baryon (brown), spin-1 baryon (blue), and
spin-2 baryon (black) vs. the meson mass ratio (pseudoscalar
over vector). (bottom) Masses in units of the spin-0 baryon mass
for the spin-0 baryon mass (brown), spin-1 baryon mass (blue),
and spin-2 baryon mass (black) vs. the meson mass ratio. Vertical
error bars of spin-0 baryon mass represent the error on the scale
setting for the dark matter mass.

senting the results as a function the meson mass ratio gives
an optimal sense on the relative magnitude of the fermion
mass. In the heavy quark limit, this ratio approaches 1 and
in the chiral limit, this ratio approaches 0 (for reference,
this value is QCD is mPS/mV ⇡ 0.18). On the second
plot in Fig. 4, the baryon masses are given in units of the
MS0 mass, which sets the scale of our dark matter mass in
exclusion plots. The ratio MS0/MS0 is trivially 1, but the
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FIG. 6. Lattice spectrum results for the fine lattice spacing (� =
12.0) on 323⇥64 lattices for six input quark masses. (top) Masses
in lattice units of the pseudoscalar meson (red), vector meson
(orange), spin-0 baryon (brown), spin-1 baryon (blue), and spin-
2 baryon (black) vs. the meson mass ratio (pseudoscalar over
vector). (bottom) Masses in units of the spin-0 baryon mass for
the spin-0 baryon mass (brown), spin-1 baryon mass (blue), and
spin-2 baryon mass (black) vs. the meson mass ratio. Vertical
error bars of spin-0 baryon mass represent the error on the scale
setting for the dark matter mass.

associated errors here correspond to the error on the scale
setting. For these coarse lattice spacing results, the scale
setting error will no more than 1.7%. It is clear (from this
plot in particular) that the relative separation is growing as
the pseudoscalar meson mass is decreased. This is to be
expected, as all three baryon states should have equal mass
in the heavy fermion mass limit (four times the fermion
mass), and are thus expected to separate as mass is de-
creased. What is not as predictable a priori is the relative
separation of the states. In particular, the spin-1 baryon
mass hugs much closer to the spin-0 mass than the spin-
2 state does either of the other states (i.e. the spin-2 state
separation grows faster with decreasing quark mass). The
implications of this and large Nc baryons will be discussed
more in the comparison of three and four colors. While vol-
ume effects on these lattices are under control, finite lattice
spacing effects will need to be quantified.

The results for the intermediate lattice spacing (� =

PS

V

spin-0
spin-1
spin-2

nucleons

LSD preliminary



5

nations

ONF=2
B,1 = (UTX1U)(UTX2D),

ONF=2
B,2 = (UTX1D)(UTX2U),

ONF=2
B,3 = (UTX1U)(DTX2D),

ONF=2
B,4 = (UTX1D)(UTX2D), (12)

for three flavors ( i = U, D, S), there are three unique
combinations

ONF=3
B,1 = (UTX1U)(DTX2S),

ONF=3
B,2 = (UTX1D)(UTX2S),

ONF=3
B,3 = (DTX1S)(UTX2U) (13)

and for four flavors ( i = U, D, S, C), there is only one
unique combination

ONF=4
B,1 = (UTX1D)(STX2C). (14)

Since these combinations span over the entirety of the the
flavor space, one would expect to have overlap with the
ground state in each (lattice) spin channel.

COMPARISON OF 3 AND 4 COLOR BARYONS

At a fixed scale (such as the string tension), mesons and
baryons spectrums are expected to have significantly differ-
ent behavior at different values of Nc. Low-lying mesons
states are not expected to change appreciably as Nc in-
creases (O(1) in Nc-scaling), while baryons, which con-
tain Nc fermions in a color-antisymmetric combination,
are expected to see appreciable scaling as Nc increases
(O(Nc) in Nc-scaling). For large Nc baryons, the behavior
of the spectrum is contained in a simple relation based on
the rotor spectrum [31, 35, 38]

M(Nc, J) = Ncm0 +

J(J + 1)

Nc

B + O(1/N 2
c ), (15)

where J is the baryon spin and m0 and B are constants that
need to be extracted from two initial input values. These
kinds of large-Nc relations have been seen to fit remark-
ably well for phenomenological extractions of the baryon
spectrum and splitting (including strange-light mass split-
tings) [35], in lattice 3-color calculations where a variety
of light and strange masses [50], and this rotor spectrum
itself has been shown to work to high precision for odd Nc

baryons with three, five, and seven colors [38, 39]; well
better than would would naively expect up to O(1/N 2

c )

corrections. One common theme between previous spec-
trum comparisons of this kind is that all the baryons were
fermionic as in QCD. This begs the question of how the the
large Nc relations fare when comparing fermionic baryons
in odd Nc theories to bosonic baryons in even Nc.

One point that was emphasized in Ref. [39] is the fact
that each coefficient in Eq. (15) has corrections that go as
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FIG. 3. Comparison of 3-color (square, dashed) and 4-color
(circle, solid) spectrum for the pseudoscalar (red), vector (or-
ange), 3-color spin-1/2 baryon (purple), 3-color spin-3/2 baryon
(green), 4-color spin-0 baryon (brown), 4-color spin-1 baryon
(blue), and 4-color spin-2 baryon (black). All calculations shown
were for 323 ⇥ 64 lattices. The two-parameter rotor spectrum
4-color predictions, Eq. (15), using the 3-color baryon spectrum
input are given by the asterisks, which spin-0 is the lightest and
spin-2 is the heaviest. Similarly, the three-paramter rotor spec-
trum predictions for the 4-color spin-1 and spin-2 baryon masses,
Eq. (16),where the 3-color baryon spectrum and 4-color spin-0
baryon mass are input, are given by the diamonds.

N�1
c , N�2

c , etc. With that in mind, in the formal large Nc

limit, Eq. (15) should be written as [39]

M(Nc, J) = Ncm
(0)
0 + C +

J(J + 1)

Nc

B + O(1/N 2
c ),

(16)
where m(0)

0 is the leading O(1) contribution to m0 and
C is the subleading O(1/Nc) correction to m0. With
two degenerate flavors, 3-color QCD can only provide two
points of input for these formulas (the spin-1/2 and spin-
3/2 baryon mass). For that reason, Eq. (15) with two free
parameters is completely determined by 3-color QCD in-
put, while Eq. (16) requires one more state from a different
Nc to fix its three free parameters.

In Fig. 3, 3-color (dashed squares) and 4-color (solid cir-
cles) results are compared for � values that were chased to
match the string tension in Ref. [28]. Also, fermion masses
between these two theories were chosen in Ref. [28] to
match the pion mass. As a result, the vector mass, which
is not expected to have any appreciable scaling at differ-
ent Nc match quite well between the two theories. Also,
as expected, the baryon masses for the 4-color theory are
all significantly larger than the 3-color theory. However,
what is worth noting here here is that the two-parameter
rotor spectrum predictions (black asterisks) from Eq. (15)
for the 4-color baryons using the 3-color baryon input does
not align with the lattice 4-color results, while the three-
parameter rotor-spectrum (black diamonds) in Eq. (16) is
consistent with the lattice values for the spin-1 and spin-2
baryons. Inherently, fermionic and bosonic baryon have

LSD preliminary
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⇤ : M(Nc, J) = Ncm0 +
J(J + 1)

Nc
B +O(1/N2

c )

⇧ : M(Nc, J) = Ncm
(0)
0 + C +

J(J + 1)

Nc
B +O(1/N2

c )

Red- Pseudoscalar
Orange - Vector
Purple - Spin 1/2
Green - Spin 3/2
Brown - Spin 0
Blue - Spin 1
Black - Spin 2

Solid - 4 colors
Dashed - 3 colors
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Baryon Flavor Symmetry

★ Flavor Non-symmetric
Example:       (3-color neutron ala QCD)

u d

d

★ Flavor Symmetric

Qu = Qd

or
Qu 6= Qd

u d

d u

Invariant under SU(Nf ) transformations

Qu = �Qd

Example:       (4-color neutron)

only

(slide courtesy of M. Buchoff)



How we might see it?

Magnetic 
Moment

Charge 
Radius Polarizability

⇥�µ�⇥Fµ�

Dim-5

(��)vµ⇥�F
µ�

(��)Fµ�F
µ�

Dim-6 Dim-7

Odd Nc 
No baryon flavor sym.    

Odd Nc 
Baryon flavor sym.  

Even Nc 
No Baryon flavor sym.   

Even Nc 
Baryon flavor sym.  

(slide courtesy of M. Buchoff)



Direct detection: EM polarizability

• Naive first estimate: use neutron EM polarizability 
from PDG, assume naive scaling w/mass.
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FIG. 1: Xenon100 latest SI limits [3] (red) vs. estimated cross section for DM-nucleon scattering

through electric polarizability, assuming naive scaling with the confinement scale (black, dashed).

The plot shows exclusion for roughly MDM < 200 GeV.

For comparison to the usual experimentally-reported per-nucleon cross-section, we multiply

through by the usual factors (eq. 9 of [1]), giving

�n =
144⇡

25

m2
n

A2

Z4↵2

37.0 GeV�2

✓
4⇡

0.135

m3
D

◆2 �
0.3894⇥ 10�27 GeV2/cm2

�
. (6)

For Xenon100, we plug in Z = 54 and A ⇡ 130, the neutron mass mn = 0.94 GeV and vary

the dark-matter mass (and thus confinement scale) freely. The result is shown in fig. 1.

[1] M. Pospelov and T. ter Veldhuis, Phys.Lett. B480, 181 (2000), hep-ph/0003010.

[2] J. Schmiedmayer, H. Rauch, and P. Riehs, Nucl.Instrum.Meth. A284, 137 (1989).

[3] E. Aprile et al. (XENON100 Collaboration), Phys.Rev.Lett. 109, 181301 (2012), 1207.5988.

• Potentially large cross section; 
tight constraint!  Very hard to 
suppress, unlike Higgs couplings, 
may reliably exclude/discover 
composite models with EM 
charges 

• Dimensional analysis isn’t good 
enough - lattice calculation!

(Pospelov and ter 
Veldhuis, PLB 480, 

181 (2000))

preliminary



Direct detection: Higgs exchange

• Higgs couplings for the mass-eigenstate fields:

2

This mass matrix can be diagonalized by a single mixing
angle, i.e. Mdiag = R(✓)�1MR(✓). The rotation angle is
given by the formula

sin2 ✓ =
1

2

✓
1� �p

4y2v2 +�2

◆
, (6)

where � ⌘ m34�m12, and the resulting mass eigenvalues
are

M± =
1

2

⇣
m12 +m34 ±

p
4y2v2 +�2

⌘
, (7)

corresponding to the rotated spinors  ±. We consider here
only the case that yv ⌧ m12,m34, so that the vector
masses will orient the chiral condensate of the SU(N)D
strong force in the electroweak-preserving direction.

In the limit that 4yv ⌧ �, we can perform a series
expansion, finding:

sin2 ✓ =
(yv)2

�2
+O((yv/�)4), (8)

and for the masses

M± =
1

2
(m12+m34±�

✓
1 +

(yv)2

�2
+O((yv/�)4)

◆
.

(9)
Note that the mixing angle depends only on the vector-like
mass splitting �, and not on the total mass m12 +m34.

COUPLING TO THE HIGGS BOSON

In terms of the gauge-eigenstate fields, the interactions
of the Higgs boson with the dark-sector fermions are, in
matrix notation,

L � ( ̄L ̄R)

✓
0 yh
yh 0

◆✓
 L

 R

◆
. (10)

This matrix is not simultaneously diagonalizable with the
mass matrix, eq. (5), except for the case m12 = m34. This
means that the Higgs will in general have off-diagonal,
“flavor-changing” interactions with the mass eigenstate
fields  ±. Explicitly, we find in terms of the mixing an-
gle

L � ( ̄+ ̄�)R
�1(✓)

✓
0 yh
yh 0

◆
R(✓)

✓
 +

 �

◆
... (11)

Once more expanding in (yv)/�, at leading order we find
(...)

L � h


2y2v

�
(F̄aFa � F̄bFb) + 2yF̄aFb

� 2y3v2

�2
F̄bFa + h.c.

�
(12)

(double Higgs exchange via the unsuppressed FCNC...?
no! need the F̄aFb and F̄bFa vertices both in order to con-
nect the two-component propagators. Overall y4v2/�2,
same order as )

(to the composite state, at the end!)
Field SU(N)D (SU(2)L, SU(2)R)
F1 N (2,1)

F2 N̄ (2̄,1)

F3 N (1,2)

F4 N̄ (1, 2̄)

TABLE I. Fermion particle content of the example compos-
ite DM model. All fields are two-component (Weyl) spinors.
SU(2)L refers to the standard model electroweak gauge group,
whereas SU(2)R is a global symmetry, in which we identify
Y = T3,R.

DIRECT DETECTION BY HIGGS EXCHANGE
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• Expanding in the small Yukawa limit:

• Note the FCNC-type terms!  No impact on direct detection, 
however; contributes only to double-H exchange (or possibly 
inelastic scattering?)  

• We can calculate Higgs-fermion couplings, but interested in 
coupling to baryons!  As in QCD, we need the “sigma 
term” (extract from our spectrum):

�f = mf hB| ̄f f |Bi = mf
@MB

@mf



Direct detection: Higgs exchange, continued6

different wave functions, which can shift the scale m0.
However, when this O(1) term is included, the spectra ap-
pear to match well within the expected O(1/N 2

c ) correc-
tion. Also, it is worth noting that the numerical values of
m(0)

0 and C are consistent within 15%, indicating that this
C term really is a subleading correction to m0, as expected
from a systematic large Nc expansion of m0.

SIGMA TERM AND HIGGS COUPLING STRENGTH

Since the dark matter model is defined in terms of the
fundamental fermion constituents, a non-perturbative con-
nection needs to be made to determine the Higgs cou-
pling to the composite dark matter candidate. This non-
perturbative effect can be accounted with a single matrix
element: the scalar nucleon form factor often referred to as
the sigma term. While this form factor can be extracted on
the lattice directly through an expensive three-point calcu-
lation with disconnected diagrams, the sigma term is more
straightforward to extract via the Feynman-Helmann theo-
rem,

� = mf hB| i i|Bi = mf

@MB

@mf

. (17)

As mentioned earlier, there are several subtleties in terms
of the dark matter model of interest. In lattice simula-
tions, mf is the standard (renormalized) fermion mass in
the mass diagonalized basis, which is defined on the Wil-
son fermion action used here in terms of ,

amf =

1

2

✓
1


� 1

c

◆
, (18)

where c is the critical value where the fermion mass van-
ishes. However, in terms of the dark matter model, this
mass is the result of the eigenvalues of the chiral and
vector-like masses given in Eq. (6). Thus, unlike the Higgs
coupling to the baryon in QCD, the chain rule needs to be
applied to extract the Higgs coupling from the dark baryon
sigma parameter. This is worked out in Eq. (2), where
the only non-perturbative input required from the lattice is
(mf/MB)(@MB/@mf ) at a particular mf value.

One observed behavior universally observed in the data
(along with other lattice QCD calculations [51]) is that the
baryon mass roughly linear in the fermion mass. In other
words, @MB/@mf is roughly constant. Focusing on our
most reliable large volume data, we have three different
mass points. Thus, an estimate of @MB/@mf can only be
reliably extracted for the middle mass point, whose ratio of
pseudoscalar to vector meson mass is roughly 0.69. The
resulting analysis leads to

mf

MB

@MB

@mf

= 0.262(16) for
mPS

mV

⇡ 0.69. (19)

With this non-perturbative extraction of this quantity, we
can now determine fB , and in tern the Higgs coupling.
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FIG. 4. DM-nucleon cross section from Higgs exchange vs. dark
matter mass. The solid blue curve is the dark matter exclusion
bounds set by LUX [9]. Each red dashed line is the prediction
for the Higgs exchange cross section for multiple values of ↵.
The vertical dots represent the minimum dark matter mass given
a pseudoscalar mass greater than 100 GeV for the lattice data
explored.

Plugging Eq. (7) and Eq. (6) into Eq. (4) keeping in mind
that m1 = mf , we arrive at the relation

fB = ↵

✓
mf

MB

@MB

@mf

◆
, (20)

where the first term in parenthesis is a model dependent
term given by

↵ =

2(yv)

2

mf (mf � ¯M)

, (21)

and the second term is non-perturbative physics fixed by
the lattice. The values of ↵ have the following limits:

↵!

8
>>>><

>>>>:

1 2yv � ¯M, �M
yv
¯M

¯M � 2yv � �M

2(yv)

2

¯M�M
¯M � �M � 2yv

(22)

To determine the cross-section from the values in
Eq. (19), one must ultimately relate these values to the g2

h

coupling, which is given by

g2
h = f2

B = ↵2

✓
mf

MB

@MB

@mf

◆2

, (23)

These Higgs exclusion results, along with the latest LUX
exclusions [9], are shown in Fig. 4. The vertical line in this
figure represents the smallest allowed spin-0 mass (deter-
mined by the heaviest mPS/mV meson mass ratio). Thus,
to be a viable model for a given dark matter mass, the ↵
value, which determines the relative size of the vector-like
mass to the chiral mass, needs to be small enough to ensure
the dark matter-nucleon cross section is below the LUX
exclusion bound. For the full range of DM to be viable
for dark matter masses from the vertical line and higher,

LSD preliminary
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transform as doublets under SU(2)L⇥SU(2)R, the custo-
dial SU(2) symmetry exchanging T3 = ±1/2 is preserved,
and thus there is always a pair of fermions with the same
mass and opposite electric charge. This suggests Nf = 2

is a particularly interesting case, and much of the results in
this paper focus on this scenario.

Having taken the constituent fermions to be degener-
ate, there are three regimes for the relative scales between
the fermion mass mf and the confinement scale, ⇤4, of
SU(4): “QCD-like” mq ⌧ ⇤4; “comparable scales”
mq ⇠ ⇤4; and “quarkonia-like” mq � ⇤4. The prin-
ciple restrictions are: charged pions must be sufficiently
heavy to have avoided production at colliders, which re-
quires at least mq > 100 GeV (LEP II bounds [40–43]),
and direct detection constraints from confinement scale-
suppressed interactions will put a lower bound on ⇤4

>⇠
tens of GeV [10]. Broadly speaking, mq near ⇤4 is not
only the scenario most easily studied on the lattice, but the
one with the scales to be closest to the weak scale while
avoiding present experimental constraints.

Next, the constituent fermions must acquire mass. If
the fermions were to acquire masses purely through the
Higgs mechanism, then the Higgs coupling to the dark mat-
ter baryon would be substantial. We will show that, un-
less mq/⇤4 ⌧ 1, this case is ruled out by existing di-
rect detection bounds. A viable model has fermions trans-
forming in vector-like representations of the electroweak
group. This means “vector-like” masses are possible with-
out any Higgs-like mechanism. Depending on the par-
ticular model, the fermions can also acquire additional
masses through the Higgs mechanism. We will calculate
the bounds on the Higgs couplings to quarks in this paper.
An additional advantage of the mixed nature of the fermion
masses is that the dynamical breaking of electroweak sym-
metry by the strong dynamics is easily suppressed, as well
as the contributions to the electroweak precision observ-
ables.

Higgs exchange cross-section

The calculation of the direct detection cross-section due
primarily to Higgs exchange has been established in the lit-
erature for years [44–48]. The cross-section (per nucleon)
complex scalar dark matter candidate, such as the 4-color
composite, scattering off of a nuclei via Higgs exchange is
given by [13]

� =

µ(mB, mh)
2

4⇡A2m4
h

(Zfp + (A � Z)fn)

2 ⇥ g2
h, (1)

where A is the total number of nucleons in the nuclei, Z
is the number of protons in the nuclei, fp and fn are the
zero momenta scaler form factor of the proton and neutron,
respectively, mh is the Higgs mass, and µ is the reduced
mass, µ(m1, m2) = (m1 + m2)/m1m2. The entirety of

the beyond the Standard Model interactions here are con-
tained in the dark matter mass mB (the composite spin-0
baryon for the 4-color theory), and the BSM coupling to the
Higgs, gh. For the cross-sections we derive, mB will be a
variable on the x-axis (mindful of the fact that amB will
be a fixed number from the lattice simulation). Thus, the
key piece that will determine the strength of cross-sections
is gh.

In most fundamental dark matter models (such as SUSY
dark matter), gh is simply a term in the Lagrangian, of-
ten perturbative and tunable. In the context of composite
dark matter, gh represents the coupling to the dark com-
posite state, analogous to the scalar form factor coupling to
the proton or neutron. The key difference is that now we
are interested in fermion masses that have both chiral and
vector-like origin, as opposed to just chiral origin in QCD.
The coupling of the Higgs, which only communicates with
the terms of chiral origin, lead to the Higgs-sigma term

�h =


(yh)

@�f

@(yh)

�

h=v

(2)

where � is the dark baryon zero momentum scalar form
factor (also referred to as the sigma term) in the mass basis
(i.e. fermion masse, mf , that is an input for the lattice
calculation) and is given by

�f = mf hB|  |Bi = mf

@MB

@mf

, (3)

where the last term uses the Feynman-Hellmann theorem
to relate the baryon mass, MB , to the sigma term. It is
convenient to define the dimensionless quantity fB such
that fB = �h/MB . Using the Feynman-Hellman form for
the sigma parameter and rearranging the terms, fB is given
by

fB =


yh

mf

@mf

@(yh)

�

h=v


mf

MB

@MB

@mf

�
, (4)

which is simply related to the Higgs coupling parameter
g2
h = f2

B [49]. The key point is that Eq. (4) factorizes into
a dimensionless BSM model-dependent part (the terms in
the first bracket), and dimensionless non-perturbative part
to be extracted from the lattice. The extraction of the later
quantity will be one of the focuses of the lattice calculation
at hand.

The BSM model-dependent term can range from 1
(when the theory only has chiral mass) to 0 (when the
theory has only vector-like masses). One example of a
custodial-preserving theory with both a vector-like and chi-
ral mass term has the mass matrix

M =

✓
¯M + �M/2 yv

yv ¯M � �M/2

◆
, (5)

with mass fermion mass eigenvalues (i.e. the fermion
masses in the lattice simulation) are given by

m1 =

¯M +

1

2

q
�M2

+ 4(yv)

2

m2 =

¯M � 1

2

q
�M2

+ 4(yv)

2 (6)
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Collider studies
• Mesons are at least half as light as the baryons, so if we’re looking in a collider we’ll find 

those first, except for unusual circumstances. 

• Baryons are in principle constrained by standard missing-energy collider DM searches, e.g. 
monojet:
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Dark matter searches in monojet events in CMS

• The dark matter-nucleon cross section limit:
- The following assumptions are made in the limit setting:

- The mediator is heavy (an effective contact operator)
- The dark matter particles are Dirac fermions
- The interaction is vector or axial-vector interaction

- The limits are compared with the limits from the direct detection results
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Meson decay
• Some lessons from previous work on SU(2) composite DM still 

apply here for meson production and decay 

• Charge assignment gives cancellation in axial anomaly diagram 
- decay to photons is suppressed!

6

additional factor of (M/4⌅F�)2 compared to the equivalent rate for QCD pions. Therefore,

�(⇤0 ⌅ ⇥⇥) =
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, (16)

�(⇤0 ⌅ ZZ) =
�2 tan4 ⇤WM7

214⌅7F 6
�

�
1� 4m2

Z

M

⇥1/2

. (17)

In Eqs. (16) and (17), we have assumed that M is greater than the mass of mZ and 2mZ , respectively. For our
benchmark this leads to a width of 3⇥ 10�13 GeV.

In addition, there is a decay through a virtual Z to Standard Model fermion pairs. In the Standard Model ⌅0,
this mode is highly suppressed (BR ⇤ 10�8 to e�e+ pairs). However, due to the wide range of M and F� available,
and the additional loop suppression inherent in Eqs. (15)-(17), generically we expect this decay channel to completely
dominate the ⇤0 decay. As with the W - or W ⌅-mediated decay of the ⇤±, this decay mode of the ⇤0 requires a spin-
flip of the SM fermion, and so will couple to the heaviest state kinematically available (bottom quarks for M < 2mtop,
tops otherwise). The width is given by

�(⇤0 ⌅ Z⇥ ⌅ ff̄) = Nc

G2
F sin4 ⇤WQ2

ZF
2
�m

2
f (M

2 �m2
f )

8⌅M

�
m2

Z

M2 �m2
Z

⇥2

, (18)

where QZ = T f
3 �Qf sin

2 ⇤W is the Z-coupling of the SM fermion f . For our benchmark mass point, the decay into
bottom quarks has a width of 1 ⇥ 10�5 GeV, and so is completely dominant over the two-gauge boson decays. In
Fig. 1, we show the two widths as a function of F� for a fixed M = 200 GeV. As can be seen, only at very small F�

does the two-gauge boson mode dominate. However, this is precisely the region of parameter space when our ⌃PT
expansion is untrustworthy.

FIG. 1: Width � of ⇥0 decaying into gauge boson pairs AA = ��, �Z,ZZ (Eqs. (15)-(17)) and into bb̄ pairs (Eqs. (18)), as a
function of F�. ⇥

0 mass M is kept fixed at M = 200 GeV.

B. Thermal History

We now have all the requisite pieces to calculate the early Universe history of ectocolor dark matter. In principle, the
story is relatively straightforward: above ⇥E , the ectoplasma is kept in thermal equilibrium through the hypercharge
interactions of the ectoquarks. After confinement, the N/N̄ pairs are kept in thermal equilibrium with both the ⇤0

and ⇤± fields by the hadronic scattering of Eqs. (9) and (10) (⇧⇧v⌃N ). The ⇤± fields are in turn in equilibrium
with the Standard Model bath, due to the electromagnetic interactions of Eq. (12) (⇧⇧v⌃e.m.). At the same time,
⇤0 and ⇤± particles are decaying away, but this cannot deplete the overall number density as long as the particles
are strongly coupled to their respective baths. The di⌅erential equations controlling this behavior are a set of three
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• Opposite scaling for decay to fermions, mass flip in final state 
gives preferred decay to heaviest SM states



Meson production and collider bounds

• Charged “pions” can be 
made in colliders through 
Drell-Yan production 

• Strong bound from LEP: 
M >~ 90 GeV. 

• Mass flip in decay leads 
to top-bottom resonance 
pair production - no 
dedicated searches, but 
some constraint from 
final states with many b’s

�
⇧+

⇧�

f

f̄

LHC production @ 8 TeV



Indirect detection: fireballs and gamma rays

• With thermal origin or dark 
nucleon oscillation, can 
have an indirect gamma-
ray signal from DM 
annihilation! 

• Expected to be quite 
complicated…e.g. QCD 
annihilation at low 
momentum gives many-
pion final states.  Further 
study needed here…

MeV/s were available at CERN. It is impressive to com-
pare the high flux of today’s antiproton beams
(.106p̄/s) with the rate of about 1p̄ every 15 minutes in
the early work when the antiproton was discovered,
back in 1955 (Chamberlain, 1955).

The author was asked by Reviews of Modern Physics
to write a report on Crystal Barrel results. A general
review on light-quark spectroscopy or a detailed survey
of the p̄p annihilation mechanism are beyond the scope
of this review and can be found elsewhere in the litera-
ture (Amsler and Myhrer, 1991; Dover et al., 1992;
Blüm, 1996; Landua, 1996). The topics emphasized in
this review reflect the personal taste and scientific inter-
est of the author. Some of the results on p̄d annihilation
will not be reviewed here. They include the observation
of the channels p̄d!p

0n ,hn ,vn (Amsler et al., 1995a),
and p̄d!D(1232)p

0 (Amsler et al., 1995b), which in-
volve both nucleons in the annihilation process.

Alternative analyses of Crystal Barrel data have been
performed by other groups or by individuals from within
the collaboration. I shall not describe them in detail
since they basically lead to the same results. However,
small differences, e.g., in masses and widths of broad
resonances, are reported. They can be traced to the use
of a more flexible parametrization involving additional
parameters (Bugg et al., 1994), and, most importantly, to
the inclusion of data from previous experiments study-
ing different reactions like central collision or inelastic
pp scattering (e.g., Abele et al., 1996a, Bugg, Sarantsev,
and Zou, 1996; Anisovich, Anisovich, and Sarantsev,
1997). In order not to confuse with foreign data and
unknown biases the contributions that Crystal Barrel
has made to spectroscopy, I shall only deal with experi-
mental results published by the Crystal Barrel Collabo-
ration or submitted for publication until 1997, but will
provide a comparison with previous data, whenever ap-
propriate.

The experiment started data taking in late 1989 and
was completed in autumn 1996 with the closure of
LEAR. The Crystal Barrel was designed to study low-
energy p̄p annihilation with very high statistics, in par-
ticular annihilation into n charged particles (n-prong)
and m neutrals (p

0,h ,h8 or v) with m>2, leading to
final states with several photons. These annihilation
channels occur with a probability of about 50% and had
not been investigated previously. They are often simpler
to analyze due to C-parity conservation, which limits the
range of possible quantum numbers for the intermediate
resonances and the p̄p initial states.

Most of the data analyzed were taken by stopping an-
tiprotons in liquid hydrogen, on which I shall therefore
concentrate. This article is organized as follows: After a
brief reminder of the physical processes involved when
antiprotons are stopped in liquid hydrogen (Sec. II), I
shall describe in Sec. III the Crystal Barrel apparatus
and its performance. The review then covers results rel-
evant to the annihilation mechanism and the roles of
quarks in the annihilation process (Sec. IV). Electro-
magnetic processes are covered in Sec. V. The observa-

tion of a strangeness enhancement may possibly be re-
lated to the presence of strange quarks in the nucleon
(Sec. VI). After describing the mathematical tools for
extracting masses and spins of intermediate resonances
(Sec. VII), I shall review in Secs. VIII to X what is con-
sidered to be the main achievement, the discovery of
several new mesons, in particular a scalar (JP501) state
around 1500 MeV, which is generally interpreted as the
ground-state glueball. Section XI reports on the status of
hybrid mesons. Section XII finally describes the status of
pseudoscalar mesons in the 1400-MeV region.

II. PROTON-ANTIPROTON ANNIHILATION AT REST; S
AND P WAVES

Earlier investigations of low-energy p̄p annihilation
dealt mainly with final states involving charged mesons
(p

6,K6) or KS!p

1
p

2, with at most one missing (un-
detected) p

0, due to the lack of a good g detection fa-
cility [for reviews, see Armenteros and French (1969),
Sedlák and Šimák (1988), and Amsler and Myhrer
(1991)].

The average charged pion multiplicity is 3.060.2 for
annihilation at rest and the average p

0 multiplicity is
2.060.2. The fraction of purely neutral annihilations
(mainly from channels like 3p

0, 5p

0, 2p

0
h , and 4p

0
h

decaying to photons only) is (3.960.3)% (Amsler et al.,
1993a). This number is in good agreement with an ear-
lier estimate from bubble chambers, 4.120.6

10.2% (Ghes-
quière, 1974). In addition to pions, h mesons are pro-
duced with a rate of about 7% (Chiba et al., 1987) and
kaons with a rate of about 6% of all annihilations (Sed-
lák and Šimák, 1988).

In fireball models the pion multiplicity N5N11N2

1N0 , where the subscripts stand for positive, negative,
and neutral pions, respectively, follows a Gaussian dis-
tribution (Orfanidis and Rittenberg, 1973). The pion
multiplicity distribution at rest in liquid hydrogen is
shown in Fig. 1. Following the model of Pais (1960) one

FIG. 1. Pion multiplicity distribution for p̄p annihilation at
rest in liquid hydrogen: h , statistical distribution; d , data; s ,
estimates from Ghesquière (1974). The curve is a Gaussian fit
assuming

^

N
&
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Proton-antiproton annihilation and meson spectroscopy
with the Crystal Barrel
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This report reviews the achievements of the Crystal Barrel experiment at the Low-Energy Antiproton
Ring (LEAR) at CERN. During seven years of operation Crystal Barrel has collected very large
statistical samples in p̄p annihilation, especially at rest and with emphasis on final states with high
neutral multiplicity. The measured rates for annihilation into various two-body channels and for
electromagnetic processes have been used to test simple models for the annihilation mechanism based
on the internal quark structure of hadrons. The production of f mesons is larger than predicted in
several annihilation channels. Important contributions to the spectroscopy of light mesons have been
made. The exotic r̂(1405) meson with quantum numbers JPC5121 has been observed in its hp decay
mode. Two 221 isoscalar mesons h2(1645) and h2(1870), and the 021 isoscalar meson h(1410) have
been observed in the hpp decay channel. From three-body annihilations three 011 mesons,
a0(1450), f0(1370), and f0(1500) have been established in various decay modes. One of them,
f0(1500), may be identified with the expected ground-state scalar glueball. [S0034-6861(98)00404-8]
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I. INTRODUCTION

Low-energy antiproton-proton annihilation at rest is a
valuable tool to investigate phenomena in the low-
energy regime of quantum chromodynamics (QCD).
Due to the absence of Pauli blocking, the antiproton and
proton wave functions overlap, and one expects the in-
teractions between constituent quarks and antiquarks
(annihilation, pair creation, or rearrangement) to play
an important role in the annihilation process. From
bubble-chamber experiments performed in the sixties
(Armenteros and French, 1969) one knows that annihi-
lation proceeds through qq̄ intermediate meson reso-
nances. The v(782), f1(1285), E/h(1440), and
K1(1270) mesons were discovered and numerous prop-
erties of other mesons

@

a0(980), K*(892), f(1020),
a2(1320)] were studied in low-energy p̄p annihilation.1

With the advent of QCD one now also predicts states
made exclusively of gluons (glueballs), of a mixture of
quarks and gluons (hybrids), and multiquark states, all
of which can be produced in p̄p annihilation.

With the invention of stochastic cooling and the op-
eration of the Low-Energy Antiproton Ring (LEAR)
from 1983 to 1996, intense and pure accelerator beams
of low-momentum antiprotons between 60 and 1940

1Throughout this review mesons are labeled with the names
adopted in the 1996 issue of the Review of Particle Physics
(Barnett, 1996).
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Summary
• Growing motivation from astrophysics for 

study of composite DM.  Lattice techniques 
are maturing enough to rigorously explore 
these strongly-coupled theories! 

• SU(4) simple model with interesting features 
presented.  First calculation of spectrum, 
coupling to Higgs boson for direct detection. 

• Next steps with SU(4): EM polarizability, 
mass splitting, check quenching error. 

• Future directions: study vacuum alignment, 
careful construction of relic density, self-
interactions, … 

• Pure speculation: glueball DM on lattice? 
(model by M. Poseplov)
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different wave functions, which can shift the scale m0.
However, when this O(1) term is included, the spectra ap-
pear to match well within the expected O(1/N 2

c ) correc-
tion. Also, it is worth noting that the numerical values of
m(0)

0 and C are consistent within 15%, indicating that this
C term really is a subleading correction to m0, as expected
from a systematic large Nc expansion of m0.

SIGMA TERM AND HIGGS COUPLING STRENGTH

Since the dark matter model is defined in terms of the
fundamental fermion constituents, a non-perturbative con-
nection needs to be made to determine the Higgs cou-
pling to the composite dark matter candidate. This non-
perturbative effect can be accounted with a single matrix
element: the scalar nucleon form factor often referred to as
the sigma term. While this form factor can be extracted on
the lattice directly through an expensive three-point calcu-
lation with disconnected diagrams, the sigma term is more
straightforward to extract via the Feynman-Helmann theo-
rem,

� = mf hB| i i|Bi = mf

@MB

@mf

. (17)

As mentioned earlier, there are several subtleties in terms
of the dark matter model of interest. In lattice simula-
tions, mf is the standard (renormalized) fermion mass in
the mass diagonalized basis, which is defined on the Wil-
son fermion action used here in terms of ,

amf =

1

2

✓
1


� 1

c

◆
, (18)

where c is the critical value where the fermion mass van-
ishes. However, in terms of the dark matter model, this
mass is the result of the eigenvalues of the chiral and
vector-like masses given in Eq. (6). Thus, unlike the Higgs
coupling to the baryon in QCD, the chain rule needs to be
applied to extract the Higgs coupling from the dark baryon
sigma parameter. This is worked out in Eq. (2), where
the only non-perturbative input required from the lattice is
(mf/MB)(@MB/@mf ) at a particular mf value.

One observed behavior universally observed in the data
(along with other lattice QCD calculations [51]) is that the
baryon mass roughly linear in the fermion mass. In other
words, @MB/@mf is roughly constant. Focusing on our
most reliable large volume data, we have three different
mass points. Thus, an estimate of @MB/@mf can only be
reliably extracted for the middle mass point, whose ratio of
pseudoscalar to vector meson mass is roughly 0.69. The
resulting analysis leads to

mf

MB

@MB

@mf

= 0.262(16) for
mPS

mV

⇡ 0.69. (19)

With this non-perturbative extraction of this quantity, we
can now determine fB , and in tern the Higgs coupling.
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FIG. 4. DM-nucleon cross section from Higgs exchange vs. dark
matter mass. The solid blue curve is the dark matter exclusion
bounds set by LUX [9]. Each red dashed line is the prediction
for the Higgs exchange cross section for multiple values of ↵.
The vertical dots represent the minimum dark matter mass given
a pseudoscalar mass greater than 100 GeV for the lattice data
explored.

Plugging Eq. (7) and Eq. (6) into Eq. (4) keeping in mind
that m1 = mf , we arrive at the relation

fB = ↵

✓
mf

MB

@MB

@mf

◆
, (20)

where the first term in parenthesis is a model dependent
term given by

↵ =

2(yv)

2

mf (mf � ¯M)

, (21)

and the second term is non-perturbative physics fixed by
the lattice. The values of ↵ have the following limits:

↵!

8
>>>><

>>>>:

1 2yv � ¯M, �M
yv
¯M

¯M � 2yv � �M

2(yv)

2

¯M�M
¯M � �M � 2yv

(22)

To determine the cross-section from the values in
Eq. (19), one must ultimately relate these values to the g2

h

coupling, which is given by

g2
h = f2

B = ↵2

✓
mf

MB

@MB

@mf

◆2

, (23)

These Higgs exclusion results, along with the latest LUX
exclusions [9], are shown in Fig. 4. The vertical line in this
figure represents the smallest allowed spin-0 mass (deter-
mined by the heaviest mPS/mV meson mass ratio). Thus,
to be a viable model for a given dark matter mass, the ↵
value, which determines the relative size of the vector-like
mass to the chiral mass, needs to be small enough to ensure
the dark matter-nucleon cross section is below the LUX
exclusion bound. For the full range of DM to be viable
for dark matter masses from the vertical line and higher,
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SU(4) baryon effective mass

7

↵ . 0.70. Using Eq. (21) to translate this ↵ to a relation
between vector-like mass differences and chiral masses for
the limit that is linear in the Yukawa coupling

yv
¯M

. 0.70 when ¯M � 2yv � �M, (24)

and for the limit that is quadratic in the Yukawa

2(yv)

2

¯M�M
. 0.70 when ¯M � �M � 2yv. (25)

Thus, the overall value of the vector-like mass, ¯M , and the
vector-like mass splittings, �M , must obey the following
relations with the Yukawa coupling for these limit in order
not to be excluded over its applicable mass range by the
latest LUX bounds.

SIMULATION DETAILS

The 4-color calculations were performed on quenched
lattices (10,000 trajectories each; configurations separated
every 50 trajectories) at three different lattice spacing (� =

11.028, 11.5, 12.0) at four different volumes (16

3 ⇥ 32,
32

3 ⇥ 64, 48

3 ⇥ 96, 64

3 ⇥ 128). The 3-color calcula-
tions were performed on � = 6.0175, 32

3 ⇥ 64 lattices
to compare three and four colors using the scale match-
ing in Ref. [27]. All gauge generation and inversions were
performed using Chroma [52]. For 4-colors, three fermion
mass values were explored for � = 11.028, four mass val-
ues for � = 11.028, and six mass values were explored for
� = 12.0. All the data and number of measurements are
presented in Table I.

CALCULATION AND FITTING

The masses of the baryons are extracted from the long
Euclidean time behavior of of the baryon two point func-
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FIG. 5. Example of folded 4-color baryon effective mass for
323 ⇥ 64, � = 11.028,  = 0.15625 lattices.

Nc �  N3
s ⇥Nt # Meas.

4 11.028 0.1554 163 ⇥ 32 4878
323 ⇥ 64 1126

0.15625 163 ⇥ 32 4765
323 ⇥ 64 1146
483 ⇥ 96 1091

0.1572 323 ⇥ 64 1075
11.5 0.1515 163 ⇥ 32 2975

323 ⇥ 64 1057
0.1520 163 ⇥ 32 2872

323 ⇥ 64 1052
0.1523 163 ⇥ 32 2976

323 ⇥ 64 914
483 ⇥ 96 637
643 ⇥ 128 489

0.1524 163 ⇥ 32 2970
323 ⇥ 64 863

0.1527 323 ⇥ 64 1011
12.0 0.1475 323 ⇥ 64 1125

0.1480 323 ⇥ 64 1189
0.1486 323 ⇥ 64 1055
0.1491 163 ⇥ 32 411
0.1491 323 ⇥ 64 1050
0.1491 483 ⇥ 96 1150
0.1491 643 ⇥ 128 928
0.1495 323 ⇥ 64 1043
0.1496 323 ⇥ 64 1009

3 6.0175 0.1537 323 ⇥ 64 1000
0.1547 323 ⇥ 64 1000

TABLE I. Ensemble and number of measurements.

 amPS amV aMS0 aMS1 aMS2

0.1554 0.3477(6) 0.4549(18) 0.9828(33) 1.0119(39) 1.0668(45)
0.15625 0.2886(7) 0.4170(20) 0.8831(55) 0.9183(55) 0.9883(79)
0.1572 0.2066(8) 0.3783(26) 0.7687(92) 0.8129(74) 0.898(19)

TABLE II. Spectrum results for � = 11.028 on 323 ⇥ 64 lattices.

tion projected onto zero momentum

CBB(⌧) =

X

x

hOB(x, ⌧)

¯OB(0, 0)i

! Ae�MB⌧
+ Be�M 0

B⌧ , (26)

where M 0
B is the baryon mass of the first excited state with

the same quantum numbers as the ground state. In princi-
ple, one could remove this excited state by going to very
long Euclidean time. In practice, the long Euclidean time
limit is marred by the exponential degradation of baryon
signal to lattice noise (known as the Signal-to-Noise prob-
lem [53]). As a result, only a small region of the correlator
as a function of ⌧ can be used to extract the desired signal.
However, this region can be greatly improved if one were
to use a method to “subtract off” the first excited state’s
effects.

To remove the excited state effects, we calculate two sets

LSD preliminary
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Measurement of antineutron-proton total and annihilation cross sections from 100 to 500 MeV/c
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Total and annihilation np cross sections from 100 to 500 MeV/c are reported, the first such mea-
surements with good statistics in this momentum range. These cross sections are well represented by
3 +B/p, where p is the incident antineutron momentum, and are in agreement with previous np and
pn measurements. A comparison of these cross sections with phenomenological potential model cal-
culations is good overall. However, the microscopic quark model gives unsatisfactory predictions.
The agreement between previous pp annihilation cross sections and np cross sections above 300
MeV/c is excellent. The total Fp cross section is lower than the total pp cross section in this momen-
tum range. Both of these types of behavior are predicted by potential models. The anticipated avai-
lability of future pp data below 300 MeV/c should indicate whether these trends continue at lower
momenta.

I. INTRODUCTION

The measurement of NN cross sections in the low-
energy regime (defined here as & O.S GeV/c projectile
momentum) has been the source of considerable interest
since the discovery of the antiproton over thirty years ago.
The motivation from this comes from two distinct, but
not unrelated, goals: (i) identification of new narrow
states predicted by phenomenological potential models
and more recent microscopic quark-gluon bag models and
(ii) measurement of other features, such as spin and iso-
spin dependence, of cross sections which would help clari-
fy the underlying physics of the NN interactions. Ulti-
mately it is hoped that such data would lead to an under-
standing of NN annihilation in the context of QCD, the
present theory of the strong interactions.
Since the np system is pure I= 1, a measurement of np

cross sections should lead to an unambiguous determina-
tion of the isospin dependence in the NN interaction. To
date, only one crude measurement of np annihilation
cross sections has been published. ' In addition, a mea-
surement of pn annihilation, which should be identical to
np by C invariance, in a deuterium bubble-chamber exper-

iment has been reported. The present experiment studied
np total and annihilation cross sections from 100 to 500
MeV/c. The experiment was performed at the
Brookhaven National Laboratory Alternating Gradient
Synchrotron (AGS). First results from this experiment on
the search for narrow states have been published previous-
ly, and will not be discussed further in this paper.
The paper is organized as follows: theoretical models

are discussed in Secs. II and III; the experimental situa-
tion prior to this experiment is reviewed in Sec. IV; ap-
paratus and data-analysis procedures are outlined in Secs.
V and VI; and the determination of cross sections with
discussion follows in Secs. VII and VIII. Further details
may be found in two Ph.D. theses which resulted from
this work.

II. PHENOMENOLOGICAL POTENTIAL MODELS

In 1949, before the discovery of the antiproton, Fermi
and Yang noted that certain repulsive nucleon-nucleon
forces could become attractive in the NN system. They
also predicted that there may exist many bound states due
to this effect. These observations set the stage for study-
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Momentum (MeV/c)

105
115
125
135
145
155
165
175
185
195
205
215
225
235
245
255
265
275
285
295
305
315
325
335
345
355
365
375
385
395
405
415
425
435
445
455
465
475
485
495

~ann (mb)

258+68+65
321+66+57
304+62+50
233+52+45
197+48+40
244+42+ 37
202+40+ 33
173+36+30
213+34+29
198+32+26
174+29+24
226+28+23
141+26+21
151+25+19
200+24+ 18
184+23+17
140+21+16
167+21+15
134+20+14
111+19+13
147+18+12
125+18+11
128+17+11
134+16+10
130+16+10
113+16+9
124+16+ 9
116+15+ 8
136+15+ 8
137+15+ 8
85+14+ 6
113+14+ 6
100+14+ 6
102+14+ 6
119+14+ 6
115+14+ 5
92+14+ 5
99+14+ 5
92+14+ 5
105+15+ 5

stot (mb)

377+68+65
435+66+57
413+62+60
338+52+45
298+48+40
342+42+ 37
297+40+33
266+36+30
304+34+29
287+32+26
261+29+24
312+28+23
225+26+21
233+25+ 19
282+24+ 18
265+23+ 17
220+21+ 16
246+21+ 15
212+20+ 14
188+19+13
222+ 18+12
200+ 18+11
202+ 17+11
208+ 16+10
204+ 16+10
186+16+ 9
196+16+ 9
188+15+ 8
207+15+ 8
207+15+ 8
155+14+ 6
183+14+ 6
169+14+ 6
171+14+ 6
188+14+ 6
183+14+ 5
160+14+ 5
167+14+ 5
159+14+ 5
172+15+ 5

TABLE V. Antineutron-proton cross sections as measured in
this experiment. The first error is statistical, the second sys-
tematic.
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This Experiment

Brando et al. (pp) Ref - 2&

300—

250—

Figure 19 compares the np total cross sections with pre-
dictions from four models. The g /point values for the
DR I, Paris, and Nijmegen potential models are 33/40,
48/40, and 88/40, respectively, indicating a clear prefer-
ence for the DR I model, although the Paris model can-
not be ruled out. The Helsinki microscopic model gives
the least satisfactory comparison with the data of all four
models. The flattening of the cross section below —200
MeV/c is due to the decrease in the P-wave contribution
at low momenta. Above -250 MeV/c the model is also
too high. The Helsinki group notes that this may be due
to insufficient repulsion, which would decrease in the
I =1 wave function and, hence, the cross section. We
have recently received a microscopic model calculation
from the Tubingen group. At 500 MeV/c it reproduced
only about 30% of the total cross section compared with
our measurement. The authors note that this discrepancy
may be due to the relative amount of three-meson quark
rearrangement to two-meson quark annihilation processes
assumed in their calculation.
We next compare our np cross sections with previous

pp measurements. In Fig. 20 we show E-767 annihilation
cross sections with pp values from Ref. 24. This particu-
lar data set has been chosen among all of those displayed
in Fig. 3 because it overlaps in momentum with the E-767
measurements and has good statistics (on these grounds
the data of Ref. 18 were not selected). In the limited
range over which the comparison can be made, the pp

A+B/p, with 3 =94.4+9.0 mb and B =36.0+2.9
mb GeV/c.
Comparison of the annihilation cross sections with pre-

vious np (Ref. 1) and pn (Ref. 2) measurements have been
made. In the former case, the large error bars preclude a
meaningful quantitative comparison, although the data are
obviously in good agreement. In the latter case, we have
fit the E-767 (Ref. 2) values to the form of A +B/p in the
region of overlap (270—455 MeV/c) with the following re-
sults: A =51+25 (27+ 17) mb, B=26+9 (30+6)
mb GeV/c, respectively. We note a 1—2-standard-
deviation difference in A. However, after taking into ac-
count systematic errors (see Table V) which were not in-
cluded in these fits, we conclude that this difference is not
significant.

200—
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FICx. 20. Comparison of np annihilation cross sections with
pp data from Ref. 24.
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nihilation region. Therefore, the absorption strength can
be reduced. Second, even though 8' is reduced, there is
still considerable absorption at 1 fm.
Figure 1 shows a recent calculation by Dover' which

compares pp with np cross sections for model DR I at low
energy. One sees that for both total and annihilation
cross sections pp and np differ, apart from annihilation
above —300 MeV/c. The sign of this difference is in
agreement with the statement made previously regarding
coherence in the isospin I=0 system.
The Paris group subsequently fit the available pp data,

including angular and polarization distributions, and pro-
vided a much more flexible form for the annihilation po-
tential. ' This form has no real part as in the Dover and
Richard model, but does include an explicit energy depen-
dence. It was introduced to account for the fact that one
expects more annihilation channels to open up with in-
creased energy. Six parameters were adjusted to give the
best fit to the data, and are different for isospin 0 and 1.
The I =0 and I = 1 forms of the potential S' differ by up
to 20% at very low energies (E~,b=0), with W(I =0) be-
ing larger. The effects at higher energies (E~,b =100 MeV)
are not as strong. Figure 2 shows the cross sections for
pp and np for the Paris model' in the energy region of in-
terest here. It has characteristics similar to that of the
DR I model discussed above.
Summarizing, the phenomenological potential models

discussed here work reasonably well for describing pp

cross-section data. They are able to predict some spin-
isospin effects. In particular, because of coherence effects
in the I =0 tensor force, o.(pp) is expected to be larger
than cr(np). This last point is of special interest to this
experiment.

III. MICROSCOPIC MODELS

Recently there has been much work done on models
motivated by quantum chromodynamics (QCD), in which
the NN system is described in terms of quarks and gluons
confined in bags. Several groups have considered annihi-
lation channels resulting from quark annihilation or rear-
rangement graphs involving a nucleon (3q) and antinu-
cleon (3q). An especially well-presented recent summary
of this work can be found in Ref. 17. In general, most
available calculations have not yet addressed the question
of isospin-dependent total and annihilation cross sections.
However, we have recently been provided new calcula-
tions by the Helsinki and Tiibingen groups, which wi11 be
discussed later in the context of our data.

IV. PREVIOUS EXPERIMENTAL SITUATION

There are no published data on NN total and annihila-
tion cross sections below —300 MeV/c momentum (1900
MeV). Virtually all of the published data above 1900
MeV are for pp cross sections only. A summary of the
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FIG. 2. pp and np annihilation cross sections predicted by the
Paris model (Ref. 16).
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FIG. 3. Previously measured pp annihilation cross sections

(Refs. 18—24). Each data set has been offset for clarity (e.g. ,
+ 40 mb).


